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Fission fragment mass distributions of 191Au, a nucleus in the newly identified island of mass
asymmetric fission in the sub-lead region, have been measured down to excitation energy of ≈20
MeV above the fission barrier via two different entrance channels, viz. 16O+175Lu and 37Cl+154Sm
reactions. Apart from having signature of the shell effects in both the cases, clear evidence of quasi-
fission has been observed in the mass distributions of the Cl induced reaction. A systematic analysis
of available experimental data reveals that the dynamics in the entrance channel has significant in-
fluence on most of the reactions used to study asymmetric fission in this region, ignoring which
might lead to ambiguity.
Understanding nuclear fission, which represents a large
scale collective phenomena known to be governed by the
delicate interplay of the macroscopic (liquid drop) as-
pects and the microscopic (shell) effects, continues to be
challenging. Unambiguous experimental information is
crucial for accurate modeling of the shell effects and the
dynamical aspects in fission. Reliable knowledge of fis-
sion is not only important for the fundamental research
like nuclear physics and astrophysics, but also for the ap-
plications like nuclear energy and medicine. The richness
and the complexity of the field along with the current
status have been summarized in the latest reviews [1–3].
Unexpected observations of mass-asymmetric fission in
180Hg [4] and multimodal fission in 194,196Po, 202Rn [5],
populated just above the fission barrier in β-decay at
ISOLDE-CERN, have given the opportunity to test the
knowledge gained in the actinide region. The calcu-
lations [4, 6, 7] based on the state of the art five-
dimensional (5D) macroscopic-microscopic model [8] as-
cribes these observations to a relatively small micro-
scopic effects that make the fission saddle point and the
nearby valley mass-asymmetric. Consequently, a new
island of mass-asymmetric fission in the sub-Pb region
has been predicted [6, 9]. However, improved scission
point model calculations [10, 11] emphasize the impor-
tance of the deformation dependent shell effects in the
final fragments to explain these observations. Fully self-
consistent models [12, 13] correlate these observations to
the shell structure of prescission configurations. Recent
microscopic mean-field calculations [14, 15] based on the
Hartree-Fock approach with BCS pairing correlations ad-
vocate a universal mechanism, octupole correlations in-
duced by deformed shell gaps, for the observations of
mass-asymmetric fission in the sub-lead and actinide re-
gion. Some of the theoretical models predict a strong
persistence of these single particle effects even at higher
excitation energies [9, 13].
Due to extremely challenging experimental conditions,
β-delayed fission studies are limited. Heavy-ion induced
fusion-fission route has also been exploited to study the
mass-asymmetric fission and its evolution with excita-
tion energy in neutron deficient sub-lead nuclei, viz.
179Au [16], 180,190Hg [17] and 182Hg [18] using beams
of 35Cl, 36Ar and 40Ca, respectively. The deviations in
the measured mass distributions from single Gaussian
shapes at excitation energy ≈ 25 MeV above the fission
barrier were associated to the observed mass asymme-
try in β-delayed fission at very low excitation energy [4].
Recently, multimodal nature (competing symmetric and
asymmetric compound nuclear contributions) has been
inferred in fission of 178Pt populated via 36Ar+142Nd re-
action [19]. Heavy-ion induced reaction also provides the
opportunity to study the possible link between the sub-
Pb and the actinide region [20].
Use of heavy-ion beams not only brings in higher
excitation energy and angular momentum (`), it also
opens the possibility of quasifission. The quasifission, a
non-compound (non-equilibrated) nuclear process is be-
ing studied experimentally [21–23] as well as theoreti-
cally [24–26] with great vigor as it hinders formation of
super-heavy elements. It strongly depends on the en-
trance channel parameters like charge product (or mass
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2asymmetry), deformation of the colliding nuclei, shell clo-
sure and neutron excess in addition to the compound nu-
cleus (CN) fissility. On the lighter side of the explored
map [22], evidence of quasifission has been found in 202Po
(Z = 84), formed in 34S+168Er reaction having target
projectile charge product (ZpZt) as low as 1088 [27].
However, the role of quasifission in asymmetric fission
in the sub-lead region has not been investigated in the
earlier studies using heavy-ion induced reactions having
ZpZt in the range 1054 to 1200 [16–19]. Investigation of
this aspect is essential for an accurate modeling of the
excitation energy dependence of the microscopic effects.
Particularly, ignoring quasifission might lead to ambigu-
ity in the inferred multimodal fission in this region [19].
So far, only a few experimental data is available in the
sub-Pb region and there are contradictory predictions
from the theoretical models. More measurements are re-
quired to verify the predicted generic nature of asymmet-
ric fission [9] and to refine the theoretical models.
In this Letter, we present measurements of fission frag-
ment mass distributions of 191Au, populated using two
different entrance channels 16O+175Lu (ZpZt = 568) and
37Cl+154Sm (ZpZt = 1054) to understand the origin of
mass-asymmetric fission in heavy-ion induced reactions
in the sub-Pb region, by disentangling the role of the
shell effects and dynamics in the entrance channel.
Pulsed beams of 16O and 37Cl from the BARC-TIFR
Pelletron-Linac Facility, Mumbai were bombarded on a
280 µg/cm2 thick 175Lu (97.41% enriched) target on a
150 µg/cm2 thick Al backing and a 200 µg/cm2 thick
154Sm (> 99% enriched) target on a 550 µg/cm2 thick Al
backing, respectively. Fission fragments time-of-flights
(TOF) with respect to the arrival of the beam pulse,
positions(x,y) and energy losses were recorded using two
large area (12.5 × 7.5 cm2) position sensitive multiwire
proportional counters (MWPCs) [28] kept at a distance
of 24 cm from the target, covering an angular range of
30◦ each. To detect both the fragments in coincidence,
the detectors were placed around the beam axis at θ1
= -50◦, θ2 = 107◦ for 16O+175Lu with target facing the
beam and at θ = ±64◦ for 37Cl induced reaction with
backing facing the beam.
The detected fragment velocity vectors were calculated
from the TOF and position information. The fission
events were selected by putting two dimensional gates
in the TOF difference vs energy loss spectra shown in
Fig. 1 (a-b). The correlations between the folding and
azimuthal angles as well as between parallel and perpen-
dicular components of the velocity onto the beam axis for
the selected fission events confirm the absence of transfer
induced (incomplete momentum transfer) events. Frag-
ment mass distributions were deduced using the TOF
difference method [29]. The mass resolution (σ) was esti-
mated from the elastic peak to be 2.8 u. Small corrections
in the fragment mass due to their energy loss in the target
and backing were obtained on an event-by-event basis in
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FIG. 1: Time of flight difference (T1 − T2) vs energy loss
(∆E1 + ∆E2) spectra used to separate fission from quasi-
elastic (QE) events for (a)16O+175Lu at Elab.=82.8 MeV
and (b)37Cl+154Sm reaction at Elab.=166.4 MeV. The cor-
responding mass angle distributions along with the angular
cut (rectangular box) used to obtain the mass distributions
are shown in (c) and (d), respectively.
an iterative manner, taking the energy loss information
from SRIM [30] for all the possible fragments. Typical
correction in the width due to energy loss are about 4.5%
and 2% for 16O+175Lu and 37Cl+154Sm systems, respec-
tively. Typical mass-angle correlation plots are shown in
Fig. 1 (c-d). Observation of no significant mass angle
correlation for both the systems at all energies studied is
in agreement with the systematics [22]. The experimen-
tal mass distributions (Fig. 2 and 3) were obtained by
projecting the mass angle correlations with angular cut
(see Fig. 1 (c-d)) to remove the bias due to geometrical
acceptance of the detection setup. The distributions of
the complementary fragment are found to be similar and
added to the above distribution to improve the statistics.
For a purely macroscopic potential energy surface, the
fragment mass distribution of CN fission is expected to
be a Gaussian in shape. Even though the overall mass
distribution could be fitted well with single Gaussians,
deviations are observed at the middle of the distribution
in all cases (see Fig. 2 and 3). The experimental mass
distributions are compared with the predictions of the
semiempirical model GEneral description of Fission ob-
servables (GEF) [31] with global parameter values. This
model is used to describe the observables of spontaneous
fission as well as CN fission for a given excitation energy
(E∗CN) and average angular momentum (〈`〉). The 〈`〉
values were calculated using the coupled channels code
CCFULL [32]. The fusion excitation functions for the
present system is not available. The data for similar sys-
tem, 16O+176Yb [33], was fitted to constrain the poten-
tial parameters for the CCFULL calculations. As can
be seen from Fig. 2, there is a good agreement between
the measured mass distributions and the model predic-
tions for the 16O+175Lu system. Particularly, the ob-
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FIG. 2: The experimental fission fragment mass distribu-
tions (blue filled circles) for 16O+175Lu reaction at different
excitation energies are compared with the predictions of to-
tal (green continuous line) along with the symmetric (purple
dotted) and asymmetric (brown dot-dot-dash) components of
GEF code [31]. The sum of 25% asymmetric and 75% sym-
metric components are shown in red dashed line. The black
dash-dotted lines are the single Gaussian fits. The excita-
tion energy of the compound nucleus (E∗CN) and the effective
excitation energy above the fission barrier (E∗Bf ) (see text)
in MeV are noted along with the estimated average angular
momentum (〈`〉h¯) and width (σM) of the single Gaussian fits.
served deviation from a Gaussian shape at the middle of
the distribution is also reproduced well by the model, in
which microscopic corrections are already incorporated
empirically. The GEF predicts 60%, 49% and 45% of
asymmetric compound nuclear contributions for E∗CN =
39.6, 47.0 and 49.7 MeV, respectively. The experimental
data is found to be less sensitive to the relative weight of
the asymmetric to symmetric component. This might be
due to the similar overall widths of the predicted symmet-
ric and asymmetric components. Use of 25% asymmetric
and 75% symmetric contributions, as shown in Fig. 2, re-
sults in the best fits by reducing the χ2 by only a factor
of 2 as compared to the GEF predicted percentages.
Apart from showing similar deviations from Gaussian
shapes at the middle, the mass distributions for the more
symmetric system (37Cl+154Sm: Fig. 3) are found to
be broader than those for the asymmetric combination
(16O+175Lu: Fig. 2). This could be due to larger angu-
lar momentum involved in the case of heavier projectile
as well as due to the presence of quasifission component.
The estimated 〈`〉 values (see Fig. 3), using CCFULL
with potential parameters constrained by fitting the fu-
sion excitation function for 40Ar+154Sm reaction [34], are
about 6h¯ higher as compared to those for 16O+175Lu
system at similar E∗CN. For
16O+175Lu system, with a
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FIG. 3: Same as Fig. 2 except for 37Cl+154Sm reaction. The
differences between the measured distributions and the GEF
predictions are also shown as filled triangle along with sum of
two Gaussian fits (green dashed lines).
variation of 10 MeV in E∗CN and 10 h¯ in 〈`〉, there is
only a 6.5% change in the measured mass width. This
rules out a significant role of ` in increasing the width for
37Cl+154Sm as compared to 16O+175Lu system at similar
E∗CN and reveals the presence of quasifission in the former
case. Though the shape of the distributions at the mid-
dle are well reproduced, the measured mass distributions
are found to be much broader than the distributions pre-
dicted by the GEF (see Fig. 3), confirming the presence
of quasifission. The estimated quasifission contributions,
differences between the measured distributions and the
GEF predictions, are found to overlap significantly with
the compound nuclear contributions. The quasifission
contribution is about 20% of the total counts at all three
energies.
The mass distributions were also calculated for both
the systems at similar E∗CN (for the data shown in
Fig. 2(a) and 3(b)) using the 4D Langevin dynamical
model of CN evolution [35, 36, and references therein],
taking the CN spin distributions from CCFULL. The
one-body dissipation mechanism with the reduction coef-
ficient ks, obtained from the chaos theory [37] as well as
ks = 1, were used to describe dissipation of the collective
energy. The finite-range liquid drop model [38] was used
to calculate the potential energy. The calculated distri-
butions do not show any significant difference between
the two systems with similar E∗CN. Similar observations
were made from the GEF calculations and the statistical
relation (Eq. 1; discussed later) as well. Hence, the differ-
ence between the two measured distributions (shown in
Fig. 4) can be considered as the quasifission contribution.
To get a deeper insight, the distribution of the quasi-
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FIG. 4: The difference (filled triangle) between the measured
mass distributions for the two reactions at similar E∗CN and
〈`〉 is compared with the result of the dinuclear system (DNS)
model calculation (continuous line) for quasifission in 37Cl+
154Sm system. The dot-dashed line is the expected distribu-
tion from the statistical relation (Eq. 1) for the 37Cl+ 154Sm
system.
fission products were calculated in the framework of the
dinuclear system model [39, 40] by solving the transport
master-equation with the transition coefficients which de-
pend on the single-particle energies and occupation num-
bers of the interacting nuclei (see Ref. [41]). The transi-
tion coefficients are sensitive to the shape and orientation
of the interacting nuclei and ` distribution. The change of
the excitation energy of the dinuclear system due to the
change of the intrinsic energy of its interacting fragments
at the proton and neutron transfer is taken into account.
The DNS model predictions of 22% qasifission for 37Cl+
154Sm reaction and negligibly small quasifission contri-
bution for 16O+175Lu reaction are in good agreement
with the experimental observations. The calculated dis-
tribution of the quasifission products for the 37Cl+ 154Sm
(E∗CN = 51.4 MeV) reaction is also in good agreement
with the experimentally obtained distribution as shown
in Fig. 4. Shell effects in the emerging light fragments
(Z=32–34 and N= 46–48) of the dinuclear system found
to persist at these energies and influence the outcome.
Since the deviations from single Gaussians are small,
we have also examined the widths of the fitted Gaus-
sian to study the role of the entrance channel dynam-
ics. The ratio of widths of the fitted Gaussians to the
CN mass (σMR) are plotted in Fig. 5 as a function of
E∗CN and Ecm/VB, where Ecm and VB are the energy in
the centre of mass and the Coulomb barrier, respectively.
While the experimental mass widths for 16O+175Lu sys-
tem is found to increase monotonically with increasing
energy, the mass width shows a increase with decreasing
energy below the Coulomb barrier for 37Cl+154Sm sys-
tem, characteristic to quasifission involving deformed tar-
gets [42]. The mass widths are also found to be larger for
37Cl+154Sm system as compared to those for 16O+175Lu
system.
For macroscopic potential energy surface, width of the
fragment mass distribution (σMR) in CN fission can be
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FIG. 5: Experimental mass widths relative to CN mass
(σMR) for (a)
191Au in 16O+175Lu and 37Cl+154Sm reactions
and (b) near by nuclei in heavy-ion induced reactions [16–
19, 27, 47]. The dashed line is the fit by the Eq. 1 to the data
for 16O+175Lu system assuming compound nucleus fission
only and the solid line is the estimated widths for 37Cl+154Sm
system using the same parameters. The region of C,O,Mg and
Cl,Ca (except 48Ca+154Sm, see text) are shaded separately to
highlight the difference among them in (b).
statistically described as [43],
σ2MR = λT + κ〈`2〉. (1)
The temperature at the saddle point (T) is defined as
T =
√
E∗Bf/a. The average excitation energy at the sad-
dle point is given as E∗Bf = E
∗
CN −Bf (〈`〉)−Epre −Erot,
where E∗CN, Bf (〈`〉), Epre and Erot are CN excitation en-
ergy, fission barrier at 〈`〉, average energy removed by
the pre-saddle neutrons and rotational energy of the CN,
respectively. The value of the level density parameter
(a) is taken as ACN/9. The rotating finite range model
(RFRM) [38] has been used to calculate Erot and the
change in the predicted fission barrier [44] due to `. The
Epre values are estimated using the statistical model code
PACE [45, 46].
Assuming that the statistical description is valid for
the more asymmetric system, the experimental widths
for the 16O+175Lu system are fitted to obtain the coeffi-
cients of the above expression. The mean square values
of angular momentum (〈`2〉) are obtained from CCFULL
calculation as discussed earlier. The T and 〈`2〉 range of
the present measurement are not sufficient to constrain
5both the coefficients simultaneously. The value of κ was
kept same ((1.23±0.24)×10−6) as used for the near by
system 16O+186W [47]. The best fit could be obtained
with λ=(2.77±0.08)×10−3. The value of λ and κ are in
good agreement with the systematics [48]. As can be seen
in Fig. 5, the calculated values of σMR using the same co-
efficients for 37Cl+154Sm system are much smaller than
the experimentally obtained widths. The observed mass
widths can not be reproduced by reasonable variation of
the parameters and estimated 〈`2〉, indicating the signif-
icant presence of quasifission.
We have compared the experimental mass widths
of neutron deficient nuclei near Pb [16–19, 27, 47] in
Fig. 5 (b). The fitted mass widths for most of the heavier
projectile (35,37Cl,40,48Ca and 48Ti) induced and lighter
projectile (13C, 16O and 24Mg) induced reactions show
distinctly different behavior as shown by the shaded re-
gions. In general, Cl, Ca and Ti induced reactions in-
volving both spherical as well as deformed targets ex-
hibit significantly larger widths as compared to C - Mg
induced reactions. Further, all the systems involving
154Sm (deformed) target with heavy beams show an in-
crease in the width with decreasing energy below the
Coulomb barrier. However, in spite of having mass an-
gle correlation [47], the mass widths for 48Ca+154Sm
system are found to be smaller compared to those for
other heavier ion induced reactions and are compara-
ble to those of lighter ion induced reactions. In case of
36Ar+142Nd,144,154Sm [17, 19], the measured mass dis-
tributions shows large deviation from a single Gaussian
distribution hence we have plotted the square root of the
variance. While the data for 36Ar+142Nd are found to
lie below the shaded region for heavier projectiles and
are in agreement with GEF prediction [49], the data for
36Ar+144,154Sm are found to be much higher. The above
comparison also indicates that most of the systems in-
volving heavier projectile are having contribution from
the quasi-fission process.
In summary, the fragment mass distribution in fission
of 191Au, formed via two different entrance channels have
been measured down to excitation energy of ≈20 MeV
above the fission barrier. Observed deviations from the
Gaussian shape around symmetric mass split in both the
cases at all energies indicate the presence of shell effect.
However, the experimental data suggest that the shell
effect or its persistence with excitation energy is much
weaker than the theoretical predictions [9, 13]. The ex-
perimental mass distributions for 37Cl+154Sm system are
found to be much broader than those for 16O+175Lu
system at similar E∗CN and 〈`〉. Such a difference is
not expected in the decay of compound nucleus, accord-
ing to the statistical relation (Eq. 1) [43], semi-emprical
code GEF [31] as well as the 4D Langevin dynamical
model [35, 36]. The mass width for 37Cl+154Sm system
was found to increase with decreasing energy below the
Coulomb barrier. The Dinuclear system (DNS) model
calculation, which reproduces the observed quasifission
probability and its distribution, reveals the persistence
of shell effects in the emerging light fragments of the din-
uclear system. These results provide conclusive evidence
of substantial presence of quasifission for the more sym-
metric entrance channel. The quasifission contribution
is found to overlap with the compound nuclear contribu-
tions. This makes the inference of asymmetric and mul-
timodal fission ambiguous in reactions involving projec-
tiles having Z≥17. It is also evident from the systematic
analysis of the available experimental data that there is
a significant presence of quasifission in the reactions in-
volving heavier projectiles (Z≥17) with spherical as well
as deformed targets used to investigate fission of neutron
deficient sub-Pb nuclei. Such a substaintial presence of
quasifission was not anticipated in earlier studies [16–
19]. Present study demonstrates for the first time that
not only the shell effects, but the dynamics in the en-
trance channel also has a significant role in influencing
the fission of nuclei in the newly identified island of mass
asymmetry. These observations provide crucial inputs
for accurate modeling of the shell effects and dynamical
aspects in fission.
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